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ABSTRACT 

An  array  of  closely-spaced  transverse  slots,  cut  in  the  broad  wall  of 

a  rectangular  waveguide,  and  set  flush  with  a  large  ground  plane  is  used  as 

the  radiating  aperture  of  a  traveling  wave  scanning  antenna.   The  waveguide 

is  coupled  by  circular  holes  in  its  other  broad  wall  to  a  second  waveguide 

which  is  identical  except  that  it  lacks  radiating  slots.   The  coupled  system 

permits  two  normal  modes  of  propagation  in  the  waveguides  whose  phase 

velocities  differ  and  whose  relative  amplitudes  can  be  controlled  by  a  phase 

shifter.   Since  the  angle  <p   which  a  traveling  wave  antenna's  main  lobe  makes 

with  its  axis  is  given  by  <p  =  cos   —  ,  where  c  is  the  velocity  of  light  and 

v  is  the  phase  velocity  along  the  antenna,  there  will  be  two  main  lobes  at 

dlL.  =   cos   —  and  (£>„   =   cos   —  where  v   is  the  phase  velocity  of  the  fast 
n?        v       rS v         F 
F  S 

mode  and  v   is  that  of  the  slow  mode.   The  relative  amplitudes  of  the  lobes 
S 

can  be  controlled  and  this  effectively  produces  a  scan  from  <p       to  (p 
This  report  describes  an  antenna  that  scans  in  the  end-fire  region.   The 
two  cases  considered  have  scans  from  <p  =   0   (end  fire)  to  (f)  =  23   and  from 
<p  =   12°  to  (j)  =   30°.   The  aperture  length  in  both  cases  is  approximately  ten 
wavelengths.   The  scan  is  continuous,  but  the  beam  amplitude  varies  consid- 
erably and  efficiency  is  low.   The  antenna  design,  however,  is  relatively 
simple  requiring  only  one  phase  shifting  device  which  may  be  electronic. 
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transverse  voltages  on  a  pair  of  coupled  transmission  lines. 

currents  on  the  coupled  transmission  lines. 

impedances  per  unit  length  on  the  transmission  lines, 

admittances  per  unit  length  on  the  transmission  lines. 
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lines. 

doupling  admittances  per  unit  length  on  the  transmission 
lines. 

z?  distance  on  the  lines  from  start  of  coupling. 
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on  the  coupled  transmission  lines. 

P  ,  propagation  constant  of  the  slower  mode  of  propagation 

on  the  coupled  transmission  lines, 

P  ,  P  ,  c    c   ,   constants  used  to  define  P_  and  P„  in  terms  of  the  coupled 
1    2'      12    21'  F      S 

transmission  line  parameters  and  defined  in  Part  I} 

Equation  (5). 

PS  +  (3F 
P  ,  average  propagation  constant  (P   =  = ) t 

PS  "  PF 
P  .  beat  propagation  constant  (P.  =  — — — ) . 

D  D        ^ 
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27T 
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o 
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j  complex  operator  =  /  -1  , 


INTRODUCTION 

The  theory  of  coupled  waveguides  from  the  exact,,  i.e.,  Maxwell ian  view- 
point, is  indeed  difficult,,   (This  is  due  to  the  non-separable  nature  of  the 
coordinates  of  the  coupled  system;  see  Figure  1).  Because  of  this,  most 
theoretical  attacks  employ  variational  methods  or  other  techniques  such  as 
Floquet  s  theorem   to  get  useful  results.   Happily,  the  design  of  this  type 
of  antenna  does  not  require  a  solution  of  the  boundary  value  problem.   It 
is  sufficient  to  know  the  variation  in  the  field  as  a  function  of  distance 
down  the  waveguides.   Maxwell's  equations  can  be  replaced  by  the  ordinary 
differential  equations  of  coupled  transmission  lines  „   The  solution  of 
these  equations  for  the  voltage  on  either  line  can  be  used  as  an  analogue 
of  the  solution  for  the  electric  field  as  a  function  of  distance  along 
the  corresponding  waveguide. 

The  voltage  (or  electric  field)  is  in  terms  of  two  normal  modes  having 
different  phase  velocities.   Their  mathematical  representation  is  quite 

familiar,  since  the  expressions  are  identical  to  those  obtained  from  the 

2 
coupled  pendula  or  spring-mass  problems.    The  analogue  is  such  that  time, 

as  the  independent  variable  in  the  latter  cases,  corresponds  to  distance 

in  the  waveguide- transmission  line  case. 

The  following  is  an  outline  of  the  design  procedure.   Two  identical 

uncoupled  waveguides  are  built;  their  dominant  mode  phase  velocity  is 

approximately  equal  to  that  which  will  give  the  specified  direction  of  main 

lobe  radiation.   For  example,  if  the  scan  is  to  be  in  the  end  fire  region, 

v  ,  the  phase  velocity  of  the  uncoupled  waveguides  must  be  slightly  greater 

-1  c 
than  c  .  (One  uses  the  formula  <p  =   cos   —  „ )   The  coupling  holes  in  a 


FIGURE  1   COUPLED  WAVEGUIDES 
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FIGURE   2      RADIATING  APERTURE  AND   MASKING 


3 
common  broad  wall  are  then  introduced  and  their  size  and  spacing  is  varied 
on  a  cut-and-try  basis  until  the  correct  amount  of  coupling  is  obtained „ 
This  is  determined  by  using  the  mode  theory  of  the  transmission  line  analogue 
to  interpret  the  observed  variation  in  field  strength  along  the  waveguides. 
The  analogue  is  also  used  to  predict  the  main  features  of  the  radiation 
patterns.   Radiation  is  obtained  from  a  large  number  of  slots  which  are 
subsequently  cut  in  the  top  wall  of  the  upper  waveguide;  it  is  confined 
to  a  half  space  by  a  large  ground  plane,  Figure  2.   The  main  lobe  of  the 
radiation  pattern  is  in  the  end  fire  region  where  a  given  change  in  phase 
velocity  causes  the  greatest  scan,  i.e.,  d  cos  (c/v)/dv  has  a  maximum  at 
c/v  =  1  or  (j)  =   0  . 

Two  separate  scans  were  obtained.  The  first  was  from  (j)  =  0  (endfire) 
to  (f)  =  23  ;  the  second,  with  a  different  coupling  aperture,  was  from  (p  =  12 
to  0  =  30  .   The  effect  of  frequency  and  aperture  size  was  also  investigated. 

This  manuscript  is  divided  into  three  parts.   Part  one  will  present 

the  transmission  line  theory  and  the  radiation  pattern  theory „   This  is 

/  3 

essentially  a  resume  of  a  report   by  W„  L.  Weeks.   In  the  second  part  details 

of  the  antenna  design  and  measuring  apparatus  will  be  given.   Part  three 
will  deal  with  the  experimental  work  and  its  interpretation. 


1„  THEORY 

1.1   The  Coupled  Transmission  Line  Analogy 

Coupled  transmission  lines  are  considered  to  be  the  analogue  of  the 
coupled  waveguides  of  Figure  1.   The  coupling  holes  which  transfer  energy 
from  one  waveguide  to  the  other  determine  the  coupling  impedances  and  admit- 
tances in  the  following  coupled  transmission  line  differential  equations, 

dV  dl 

-r-1-  =    -   Z       I      +   Z      I  — i-  =    -   Y      V      +   Y     V  (1) 

dz  111  122  dz  111  122 


dV  dl 

-=-2-=-ZI+ZI       2=_yV+YV  (2) 

dz        222     211     dz        22  2     211 


where  V  =  transverse  voltage  on  line  1 

1 

V  =  transverse  voltage  on  line  2, 
2 

I  =  current  on  line  1, 
1 

I  =  current  on  line  2, 

2  ' 

Z   =  impedance  per  unit  length  of  line  1, 
11 

Z   =  impedance  per  unit  length  of  line  2 
22 

Y  =  admittance  per  unit  length  of  line  1, 
11 

Y  =  admittance  per  unit  length  of  line  2. 
22 

Z   =  coupling  impedance  per  unit  length  between  line  1  and  line  2 

12 

Z   =  coupling  impedance  per  unit  length  between  line  2  and  line  1, 
21 

Y  =  coupling  admittance  per  unit  length  between  line  1  and  line  2. 
12 

Y  =  coupling  admittance  per  unit  length  between  line  2  and  line  1. 
21 

z  =  distance  on  the  line  from  the  start  of  coupling. 


Solution   of  these  equations  leads  to  the  following  expressions  for 
the  transverse  voltage,  provided  the  backward  traveling  waves  are  negligible: 


V,  F  e       +  V  Q  e 
1F  lS 


-j(3  z        -j(3  : 

V  =  V   e      +  V  e  e 
2     2^  2S 


(3) 


where 


and 


(P  2  +  P  2) 
1      2 


£((3  2  +  (3  2)  + 


*/^ 


2_  A  2n2 


(3  *)^  +  4c 


12    21 


v«v 


)2  +  4c   2 


12    21 


(4) 


1  "   =  Z    Y   +  Z    Y 
1       11   11     12   21 


(32=Z    Y    +Z    Y 
2        22   22     21   12 


C"=Z    Y    +Z    Y 

12      11   12     12   22 


(5) 


c*=Z    Y   +Z    Y 

21      21   11     22   21   • 

(3   is  the  propagation  constant  of  the  faster  mode  of  propagation  and  (3   is 
F  S 

the  propagation  constant  of  the  slower  mode.   This  formulation  assumes  that 
propagation  is  without  loss. 

If  the  two  transmission  lines  (waveguides)  are  identical^  the  above 
expressions  are  considerably  simplified. 


(3   =  (3     and    c   =  c   =  c 
1     2  12     21      O 


Thus 


Where 


(P. 


«o'>* 


(6) 


*a  +V> 


VP2 


^a  "   2    "  ^  -  H2 
is  called  the  average  propagation  constant.   Since  relatively  weak  coupling 
is  used  (c  «  |3  ),    Equation  (6)  can  be  approximated  by  the  first  two  terms 
of  the  binomial  expansion  as  follows: 


FT 


c  2 

4  a2- 


P„  -  P, 


=  PQ   *   P, 


(7) 


where 


Pk  = 


5f: 


is  called  the  beat  propagation  constant.   Equations  (7)  show  that  the  normal 

mode  propagation  .constants  (3   and  (3   can,  on  such  transmission  lines   be 

F       S 

thought  of  as  an  average  (3   and  the  difference  or  sum  of  this  with  a  much 

smaller  quantity  (3  .   Note  that  this  smaller  quantity  is  a  measure  of  the 

separation  of  the  two  normal  mode  phase  velocities  and  it  follows  from  (7) 

that  strong  coupling  (large  c  )  causes  large  separation,, 

o 

The  coefficients  V   etc  in  Equation  (3)  are  functions  of  the  ampli- 
tudes  and  phase  of  the  voltages  across  the  two  transmission  lines  at  the 
beginning  of  coupling,  z  =  0,  and  for  uniform,  infinite  (or  matched)  lines 
are  independent  of  all  other  factors.   This  therefore  is  an  initial  value 


problem,  In  an  idealized  pair  of  transmission  lines  (waveguides)  the  follow- 
ing conditions  will  obtain: 

a)  the  lines  will  be  identical, 

b)  the  incident  fields  at  z  =  0  will  be  equal  in  amplitude  and  differ  only 

by  an  arbitrary  phase  angle  0  .   Thus,  if  V  (0)  is  normalized  at  1,  V  (0) 

2  '   1 

i  © 

can  be  denoted  simply  by  e   .   This  gives  the  following  expressions  for  the 

line  voltages  (or  waveguide  electric  fields)  as  a  function  of  z  and  0. 


1+e 


J© 


V  = 
2 


1+e 


j© 


-jfy 


-j(V 


l-e 


J© 


l-e 


J© 


'^sz 


-j(3sz 


(8) 


.© 


V  =  e 
1 


V  =  e 
2 


©,    -F-         ,0,   -JfV 


-J(V 


cos  (-)  e      +  j  sin  (-)  e 


cos  (-)  e      -  j  sin  (-)  e 


(9) 


This  can  also  be  written  as 


Jo 


V  =  e 
1 


V  =  e 


e      .     .     e    -J2V 

cos  -  +   j    sm  -  e 

-JPFZ 

e 

m 

'          9         .      ,      8     -J2pbZ_ 
cos  -  -   j    sin  -  e 

e 

L 

(10) 


Equations  (10)  are  used  in  Figure  3  to  show  phasorially  the  variation  of  the 


amplitude  and  phase  of  V   and  V   for  different  values  of  z  and  an  arbitrary 

1        2 

value  of  9  (=  — ) .   The  phasor  e  JPF   is  taken  as  a  reference.   It  can  be 
seen  that  the  amplitude  of  the  line  voltages  varies  considerably  with  z„ 


//  =  eJ6[cos(§)  +jjrf§)je***]  e*** 
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FIGURE  3   PHASOR  DIAGRAMS  OF  TRANSMISSION  LINE  VOLTAGES  V  (z)  AND  V  (z) 
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FOR  G  =  IT/4,  (e  JHF   IS  TAKEN  AS  A  REFERENCE  PHASOR)  . 


Figure  4  shows  this  variation  of  amplitude  for  V   as  a  function  of  z  for 

1 


is  no  variation;  this  is  because  only  one  normal  mode  is  excited  in  each 

case  and  there  is  consequently  no  interference  phenomenon.   At  0  =  90   and 

o 
270   the  two  modes  are  excited  equally  (see  Figure  5)  and  total  cancellation 

occurs  at  regular  intervals.   The  distance  between  two  minima  of  V   for  any 

1 

0  turns  out  to  be  related  to  B   of  Equation  (7)„   This  distance  is  one  half 

b 

of  what  will  be  called  the  beat  wavelength  which  is  given  by  the  following 

* 


equation 


\  - 1 


b  +  n 


The  minima  and  maxima  occur  at   b  +  n  b  from  z  =  0,  the  beginning  of 

8~  4~~ 

coupling,    n  =   0,    1?    2}    3,     .  ... 

It  proved  helpful  in  the  experimental  work  to  study  the  field  variations 

when  one  waveguide  had  no  incident  field  at  z  =  0.   For  this  case  the  fields 

can  be  shown  to  be 

-jS  z  -jS  a 

V  =  sin  SZ  e      ,  V  =  cos  Bz  e     ,  if  V   =  0  V   =  1, 

1        b        '   2        b  1        2 

z=0     z=0 

(12) 

"^aZ  "J(3a* 

V  =  cos  B  Z  e     ,V  =  sin  6z  e     ,  if  V   =  1  V   =  0. 
1       rb        '   2        b  1        2 

z=0      z=0 

These  curves  are  shown  in  Figure  6„   It  is  evident  that  a  phased  combination 
of  these  produced  the  more  complicated  effects  shown  in  Figure  4. 


*   This  defines  X  as  being  equal  to  twice  the  usual   beat  wavelength   found 
b 

in  the  literature. 
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13 
1.2   The  Antenna  Aperture  and  Pattern 

The  radiating  aperture  is  an  array  of  closely-spaced  non-resonant  slots 

cut  in  the  upper  broad  wall  of  the  top  waveguide  which  is  set  flush  in  a 

large  ground  plane  as  is  shown  in  Figure  2.   In  the  theory  it  is  assumed  that 

the  aperture  field  is  constant  in  the  x  direction  (see  Figure  2) ,  and  that 

the  z  variation  is  of  the  traveling  wave  type,  i.e., 

-10    z 

*„<«>  =  *,  «  *    <92) 

AP        (z0) 
where  |3  ,Q  ^z  is  obtained  from  the  coupled  transmission  line  analogy  and  is  a 
function  of  9  and  z.    The  power  loss  per  unit  length  due  to  radiation  is 
kept  small  enough  so  that  the  modes  of  propagation  in  the  waveguides  are  not 
appreciably  different  from  those  in  the  closed  waveguides „   In  the  experi- 
mental work  this  loss  was  controlled  by  masking  the  aperture  with  aluminum 
foil.   As  a  result  the  attenuation  of  E   (z)  will  be  omitted  from  the  theo- 
retical expressions. 

The  large  number  of  slots  (over  twelve  per  wavelength)  allows  one  to 
use  the  continuous  aperture  integral  expression  for  the  far  field; 

+j(3   cos  (j)   z 
E,As  =      EA„,  „  e    °         dz,  (13) 


r 


(</>)    J     AP(z) 

L 

I 


where 

(3       =  free  space  propagation  constant. 
L  -  L  =  L,    the  length  of  the  aperture, 


<p  =  radiation  angle  measured  from  the  z  axis^  the  axis  of  the 

aperture  (see  Figure  7) 


*  See  Appendix  A 
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FIGURE  7   APERTURE  AND  COORDINATE  SYSTEM 
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FIGURE  8   LOCATION  OF  RADIATING  APERTURE  RELATIVE  TO  COUPLING  APERTURE 
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EAP(z)  =  aPerture  field  strength,  proportional  to  the  field  strength 

in  the  upper  waveguide  E  , 
1 

But  E   can  be  expressed  by  its  transmission  line  analogue,  Equation  (9) 

Hence,  except  for  a  constant  of  proportionality  between  E   and  E       the 

1       AP(z  )  j 

integral  equation  (13)  can  be  written  as  follows: 

L 
F  i 


V)  =      e  C°S2  e 


dz+j     e        * 


sin  —  e  i>dz 


(14) 


The  total  field  is  the  sum  of  the  two  integrals  associated  with  the  two 

normal  modes  in  the  waveguides.   These  integrals  have  solutions  of  the 

sin  ty    . 
—TFT—  type: 


'«h 


ill  -K\ 


cos  -  e      — j +  je  sin  -  e 


ji\>s   sin  4«s 


S 
(15) 


where 


S     ° 


cos  0 


(16) 


o     0 
Note  that  at  0  =  0  ?  sin  —  ~   0  and  the  field  is  due  to  the  fast  mode 

alone.   At  ©  =  180   the  slow  mode  alone  exists  to  produce  the  radiated 

field.   At  other  intermediate  values  of  0  the  total  field  is  the  phased 

sum  of  both. 


L6 


2.   ANTENNA  DESIGN 

2.1   Geometry  of  the  Antenna 

The  location  of  the  radiating  aperture  relative  to  the  coupling 

aperture  is  shown  in  Figure  8.   The  start  of  coupling  is  X,  /8  before  the 

b 

start  of  the  radiating  aperture  at  z  =  L  ,   The  length  of  the  radiating 

1 

aperture,  L  =  L  -  L  ,  is  X  /2 .   Also  shown  in  Figure  8  is  the  amplitude 

of  the  upper  waveguide  field,  i.e.,  the  aperture  field.   Thus  at  a  relative 

o 
phase  angle  0  equal  to  0   the  aperture  distribution  is  flat  and  according 

to  Equations  (15)  and  (16)  the  main  lobe  of  the  radiation  pattern  occurs 

at  0  =  cos  -1  —  .   At  9  =  -  90°  or  270°  the  aperture  distribution  is 
F  VF 

sinusoidal  with  a  maximum  in  the  center.   This  is  known  to  give  relatively 

CO 

low  side  lobes.   The  phase  velocity  is  now  v   -  w—  and  consequently 

a     a 

(j)     =  cos  1  —  is  the  new  main  lobe  radiation  angle.   Finally,  at  0  =  180 


the  other  normal  mode,  with  a  flat  distribution  in  the  aperture,  will  be 

JL  -  cos  _1  £■ 

S  v 


excited  and  will  cause  a  main  lobe  to  be  at  <p     -   cos    — .   This  change 


in  0  of  180   therefore  causes  a  variation  of  the  radiation  angle  of  the 
main  lobe,  i.e.,  it  causes  a  scan.   The  scan  can  be  continuous  with  only 

a  small  variation  in  main  lobe  amplitude  and  with  lower  side  lobes  in  the 

o 
center  of  the  scan.   However,  at  0  =  90   the  aperture  distribution  is 

cosinusoidal  (recall  Figure  4)  with  a  null  in  the  center  and  large  side 

lobes  are  produced.   Thus? a  useful  scan  can  be  obtained  (theoretically) 

by  varying  the  relative  phase  of  the  two  incident  waveguide  fields  by 

only  180  .   It  can  also  be  shown  that  if  the  antenna  aperture  L  is  made 

much  longer  than  \  /2  the  two  normal  mode  beams  become  so  narrow  that  they 
b 

do  not  overlap  and  the   scan"  is  reduced  to  a  varying  of  the  amplitudes 
of  two  lobes  of  constant  angular  separation.   Thus  the  width  of  the  lobe 


17 
has  a  lower  bound  approximately  equal  to  the  separation  of  the  normal  mode 
radiation  angles  (b     and  d)  . 

The  design  goal  was  an  antenna  whose  beam  could  be  scanned  through  an 
angle  of  about  twenty  degrees  near  end-fire.   Therefore,  if  (j)     were  0° 

(endfire)  and  (f)     were  26  ?  then  the  variation  in  -  would  be  from  1.0  to  0.9 

,      -1  c 
since  (p  =  cos   — .   The  required  separation  of  the  two  normal  mode  phase 

velocities  would  be  about  ten  per  cent. 

This  requirement  also  determines  the  length  L  of  the  aperture  as 

follows: 

_b     _  27T  ZH        _        VFVS 


and   since  v      ^    •>    9v 

b  F 


-  ^Z  ~  PS-PF  _  ^v^? 


•9V 

L  "  iHK  '  9V 


A  nominal  length  of  10X  (\  =  — )  was  taken  as  the  design  value  for  L.  Figure 
7  shows  the  aperture  and  coordinate  system. 

Since  the  coupling  is  weak,  the  phase  velocity  in  each  uncoupled  wave- 
guide is  not  appreciably  changed  when  the  holes  are  added „   Thus,  the 

uncoupled  waveguides  should  have  a  dominant  mode  whose  phase  velocity  v    is 

c 
also  slightly  greater  than  that  of  light,  i.e.,   .  9< —  <  1.   To  obtain  this 

vu 

relatively  low  v   the  waveguides  are  loaded  with  dielectric  (polystyrene). 

This  incidentally  reduces  the  area  of  the  waveguide  cross  section  by  about 

4 
sixty  per  cent.   Figure  9,  taken  from  a  report  by  Weeks,   shows  the  geometry 

of  the  waveguide  cross  section  and  its  dielectric  loading,  together  with 

a  graph  of  —  vs.  —     for  different  values  of  — ,  the  dielectric  fill  ratio. 
to  ^  v     2a  b' 
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DIELECTRIC    FILLED   WAVEGUIDE 


( PDLZSrr/?£A/£) 


b/n  (ASPECT  wr/0)  -O-4-ff 


FIGURE    9      PHASE   VELOCITY   VARIATION    IN  DIELECTRIC   FILLED   WAVEGUIDE 
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d  c 

A  dielectric  fill  ratio  t-   of  0„81  is  used.   Thus, if  -  is  to  vary  from  0.9 

b  J         v 

to  l.Oj the  abscissa  X  /2a  must  vary  from  about  1.0  to  1.1.   Note  that  the 
resulting  design   curve  lies  half  way  between  cut  off  and  the  point  where 
higher  order  modes  are  excited. 

An  arbitrary  operating  frequency  of  about  eleven  kilomegacycles  per 
second  was  selected.   With  this  and  the  above  information,  a  scale  drawing 
of  the  coupled  waveguides  was  made,  Figure  10.   Also  shown  are  the  coupling 
and  radiating  apertures. 

The  coupling  aperture  is  a  row  of  large  circular  holes  located  on  the 
center  line  of  the  common  broad  wall  (see  also  Figure  1).   There  were  two 
coupling  apertures  used  in  the  experimental  work. 

No.  1,  5/16  inch  diameter  holes  spaced  11/32  inch  apart, 

No.  2,  11/32  inch  diameter  holes  spaced  3/8  inch  apart. 

The  radiating  aperture,  whose  dimensions  are  shown  in  Figure  10,  is  a 

number  of  narrow  closely  spaced  transverse  slots  which  have  been  used  by  a 

5   6   7 
number  of  workers  '  '         and  were  shown  to  be  quite  suited  to  a  traveling 

wave  type  of  antenna.   The  amount  of  radiation  from  these  slots  is  control- 
led by  masking  them  with  aluminum  foil  tape,  Figure  2. 

A  diagram  of  the  complete  waveguide-antenna  system  employed  in  the 
experiments  is  shown  in  Figure  11.   The  antenna  (a  transmitter)  is  fed  by 
a  klystron;  the  usual  attenuator,  slotted  line  and  frequency  meter  are  in 
the  circuit.   A  3  db  directional  coupler  feeds  the  klystron  signal  equally 
into  two  WR  90  waveguides  in  one  of  which  is  a  phase  shifter.   A  transition 
section  connects  the  WR  90  waveguides  to  the  smaller  dielectric  filled 
waveguides.   The  start  of  coupling  z  ~  0,  is  a  suitable  distance  beyond 
this  transition.   The  coupling  section  is  about  43  cm  long  (15  wavelengths). 
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As  previously  mentioned   the  radiating  aperture  begins  X  /8  after  the  start 

b 

of  coupling,  is  X/2  in  length  and  is  mounted  in  a  large  ground  plane. 
Resistance  cards,  located  beyond  the  coupling  aperture,  minimize  the  reflected 


2.2  Antenna  Pattern  Range 

Since  the  antenna  is  flush  with  a  large  ground  plane,  it  radiates  only 
into  a  half  space.   The  actual  geometry  of  the  range  for  radiation  pattern 
measurements  is  shown  in  Figure  12.   The  antenna  is  mounted  at  the  center  of 
the  circular  arc  which  forms  part  of  the  ground  plane  s  perimeter.   A  small 
horn  antenna  mounted  on  a  carriage  responds  to  the  component  of  electric 
field  normal  to  the  ground  plane.   This  is  recorded  on  a  self-balancing 
potentiometer  type  recorder  acting  in  conjunction  with  a  selsyn  drive  system 
which  draws  the  carriage  along  the  circular  periphery  of  the  ground  plane. 

The  normal  component  of  electric  field,,  which  is  a  function  of  <p}    is 

o    i      o 
measured  for   0  <   <p   <  45    on  both  sides   of  end-fire. 
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3.   EXPERIMENT 

The  experimental  work  can  be  divided  into  three  distinct  parts  as 
follows : 

1)  the  investigation  of  the  fields  in  non-radiating  coupled  waveguides, 

2)  the  study  of  the  effect  of  a  radiating  aperture  on  these  fields, 

3)  the  radiation  patterns  of  this  aperture. 
3,1   Non-Radiating  Coupled  Waveguides 

The  fields  in  the  upper  waveguide  were  probed  through  a  row  of  holes 
(.062  inch  in  diameter  and  .080  inch  apart)  drilled  in  its  top  wall,  Figure 
13 „   The  radiation  from  these  holes  was  negligible.   Figure  14  shows  the 
variation  in  field  amplitude  vs.  distance  from  the  start  of  coupling  when 
energy  is  fed  only  to  the  lower  waveguide  (aperture  no,  1  is  used  at  a 
frequency  of  11.20  kmc/sec) .   The  energy  gradually  leaks  into  the  upper 
waveguide  (the  transfer  is  total  if  the  waveguides  are  identical)  and  then 
returns  to  the  lower.   The  fact  that  this  continues  cyclically  supports  the 
transmission  line  analogy.   Superposed  on  this  large  scale  variation  are 
smaller  more  rapid  fluctuations,  the  usual  standing  wave  patterns.   A  rough 
estimate  of  phase  velocity  can  be  made  by  measuring  the  guide  wavelength. 
The  presence  of  a  standing  wave  implies  negatively  traveling  waves,  contrary 
to  the  theoretical  assumption  that  only  forward  traveling  waves  exist. 
However,  in  most  cases  they  are  small  enough  to  be  negligible. 

Since  a  relatively  large  number  of  such  graphs  will  be  reproduced,  it 
will  be  advantageous  to  compress  their  size  and  omit  the  standing  wave 
variation.   Thus,  in  Figure  15,  graph  one  is  the  reproduction  of  Figure  14 „ 
Graph  two  shows  the  opposite  case  of  no  incident  field  in  the  lower  waveguide. 
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FIGURE   13      NON  RADIATING  WAVEGUIDE   PROBING  HOLES 
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FIGURE  15  RELATIVE  FIELD  STRENGTH  IN  db  VS.  DISTANCE  IN  CM  FROM 
START  OF  COUPLING  WITH  NO  INCIDENT  FIELD  IN  ONE  WAVE- 
GUIDE. NON-RADIATING  CASE.  COUPLING  APERTURE  NO.  1, 
F  =   11.20   kmc/sec,    EXPERIMENTAL. 
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These  curves  have  their  theoretical  counterparts  in  Figure  6. 

When  both  waveguides  are  excited  and  the  relative  phase  0  is  changed, 
the  variation  of  the  field  in  the  upper  waveguide  is  of  the  type  shown  in 
Figure  16.   Note  that  the  experimental  curves  closely  approximate  the 
theoretical  curves  of  Figure  4. 

At  a  lower  frequency  (11.00  kmc/sec)  a  similar  set  of  results  were 
obtained,  Figure  17.   Note  that  the  beat  wavelength  is  increased.   This 
rather  extreme  frequency  sensitivity  of  the  coupling  is  illustrated  in 
Figures  18  and  19.   It  is  seen  that  a  four  per  cent  increase  in  frequency 

(10.8  kmc/sec  to  11 .2  kmc/sec)  reduces  the  beat  wavelength  by  about  fifty 

3 
per  cent.   This  phenomenon  was  previously  noted  by  Weeks. 

3.2   The  Effect  of  the  Radiating  Aperture 

Although  the  theoretical  treatment  of  the  problem  assumed  that  the 
effect  of  radiation  on  the  waveguide  modes  would  be  negligible,  the  aperture 
effect  does  disturb  the  fields  somewhat.   Thus  it  is  necessary  to  limit 
radiation  in  order  to  retain  the  two  normal  modes  of  propagation  on  which 
the  antenna  theory  depends,  i.e.,  to  retain  aperture  distributions  similar 
to  the  non-radiating  cases. 

The  effects  of  two  apertures,  3/32  inch  wide  (.10X  )  and  3/16  inch  wide 
are  shown  in  Figure  20  and  Figure  21,,  respectively;  the  first  coupling 
aperture  at  a  frequency  of  11.20  kmc/sec  is  used.   Note  that  the  3/32  inch 
curves  are  quite  similar  to  the  non-radiating  cases.   However,  there  are 
distortions  which  are  accentuated  in  the  3/16  inch  case  where  radiation  is 
greater.   The  beat  wavelength  is  longer   (Figure  22)  and  the  normal  mode 
distributions  are  not  as  flat.   The  direct  effect  of  radiation,  the  decreasing 


*  Appendix  B  is  an  analysis  of  this  change. 
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FIGURE   16      RELATIVE   FIELD   STRENGTH    IN  db  VS.    DISTANCE    IN  CM  FROM  START  OF 

COUPLING.    NON-RADIATING   CASE,    COUPLING  APERTURE   NO.    1,     f   =   11.20 
kmc/sec  , 
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FIGURE  17   RELATIVE  FIELD  STRENGTH  IN  db  VS.  DISTANCE  IN  CM  FROM  START  OF 
COUPLING.  NON-RADIATING  CASE,  COUPLING  APERTURE  NO.  1, 
f  =  11.00  kmc/sec0 
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FIGURE    18      VARIATION    IN   BEAT   WAVELENGTH  AS  A    FUNCTION   OF 

FREQUENCY.       NON-RADIATING   CASE,    COUPLING  APERTURE 
NO,    1, 
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FIGURE    19      VARIATION   OF   BEAT   WAVELENGTH   WITH   FREQUENCY   FOR   THE   TWO  COUPLING 
APERTURES,    NON-RADIATING   CASE. 
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FIGURE  20      RELATIVE   FIELD   STRENGTH    IN  db  VS.    DISTANCE    IN  CM  FROM  START 

OF  COUPLING.  RADIATING   CASE,    COUPLING  APERTURE   NO.    1, 

f   =    11.20   kmc/sec,    RADIATING  APERTURE  WIDTH, 1/10   X     . 
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FIGURE   21      RELATIVE   FIELD   STRENGTH    IN  db  VS.    DISTANCE    IN  CM  FROM 
START   OF   COUPLING,    RADIATING   CASE,    COUPLING  APERTURE 
NO.    1,    f  =   11.20   kmc/sec,    RADIATING  APERTURE  WIDTH 
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of  amplitude  as  the  wave  progresses,  is  evident  in  most  cases  but  is  rela- 
tively small .   At  a  lower  frequency  where  the  coupling  is  weaker  the  distor- 
tions are  even  more  pronounced. 
3.3   The  Radiation  Patterns 

The  radiation  patterns  in  the  plane  of  the  ground  plane  were  taken  for 

o    i      o 
the  range  0   <  9  <  45   on  both  sides  of  end-fire,  Figure  12.   Figures  23  to 

25  show  these  patterns  together  with  their  associated  aperture  distributions. 

The  experimental  curves  are  superposed  on  the  theoretical  curves  (dotted) 

which  were  calculated  in  two  degree  increments.   Equations  (15)  and  (16)  were 

used  with  L  =  11.4  X   c/v   =  .92  and  c/v   =  1.0.   Due  to  their  symmetry 
o     F  S 

only  one  half  of  each  theoretical  pattern  is  shown.   These  patterns  are  for 

the  first  coupling  aperture  at  11.20  kmc/sec  with  a  radiating  aperture  width 

of  .2  X  .   Note  that  the  aperture  length  of  11.4  X   is  due  to  the  lengthening 
o  o 

(from  the  nominal  10  X  )  of  X   as  is  shown  in  Figure  22. 

The  theoretical  and  experimental  patterns  most  closely  agree  at  the 
extremes  of  the  scan,  although  the  experimental  end-fire  beam  is  smaller 
in  amplitude  by  15  per  cent  than  its  theoretical  counterpart.   This  perhaps 
explains  the  fact  that  at  0  =  270   the  experimental  main  lobe  is  farther  out 
than  the  theoretical,  i.e.,  the  fast  mode  component  of  the  lobe,  being  greater 

than  the  slow  mode  component,  causes  the  total  lobe  to  swing  farther  out. 

o 
Also  shown  is  the  experimental  pattern  for  0  =  90  with  its  two  large  lobes. 

Symmetry  of  the  experimental  patterns  on  either  side  of  end-fire  is  not  exact. 

This  is  attributed  to  the  mechanical  imperfections  of  the  experiment  and  is 

not  a  fundamental  limitation;  it  can  be  corrected  in  practice.   The  antenna 

main  lobes  are  roughly  20  db  above  the  noise  level  of  the  measuring  system. 

A  second  set  of  radiation  patterns  obtained  when  the  second  coupling 
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aperture  is  used  are  given  in  Figures  26  to  28.   The  lower  operating 

frequency  (10.85  kmc/sec),  arises  from  the  increased  coupling  of  the  larger 

holes  of  this  aperture  (see  Figure  19).   The  aperture  length  L  is  10  X  and 

o 

its  width  is  3/16  inch  or  0.20  \  .   Again  the  theoretical  curves  are  shown 

o 

dotted, 

o  o 

Note  that  the  scan  is  from  0  =  12   to  0  =  30  .   The  end-fire  beam 

(0  =  12  )  is  even  more  reduced  in  amplitude  than  that  of  the  first  coupling 

aperture.   The  scan,  however,  is  quite  smooth  (if  the  amplitude  variation  is 

not  considered).   The  associated  aperture  distributions  are  again  distorted 

due  to  radiation. 
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4.   DISCUSSION 

4.1  Variation  in  Beam  Amplitude  over  the  Scan 

The  slower  normal  mode  s  beam  (the  one  closer  to  end-fire)  is  in  both 
cases  of  smaller  amplitude  than  that  of  the  faster  normal  mode.   A  study  of 
the  variation  of  the  standing  wave  ratio  (Figure  11  shows  the  location  of 
the  slotted  line)  as  a  function  of  the  relative  phase  8  showed  that  the 
variation  of  power  into  the  antenna  as  indicated  by  the  SWR,  was  not  enough 
to  explain  the  large  variations  in  the  radiated  field.   Consequently,  it 
appears  that  the  radiation  is  different  for  each  normal  mode,  being  in  this 
case  greater  for  the  faster  mode. 

If  a  constant  amplitude  scan  is  essential,  it  might  be  obtained  by 
attenuating  the  signal  by  the  necessary  amount  as  0  is  varied.   At  this 
point  it  should  be  mentioned  that  both  phase  shift  and  attenuation  can  be 
done  electronically,  for  example  with  ferrites. 

4.2  Efficiency 

As  has  been  mentioned,  the  radiation  must  necessarily  be  limited  in 
this  type  of  antenna  in  order  to  maintain  the  normal  modes  in  the  waveguides, 
As  a  consequence,  the  efficiency  is  relatively  poor.   Further,  the  necessity 
of  attenuating  the  signal  to  obtain  a  constant  beam  amplitude  implies  an 
efficiency  limitation. 

4.3  Other  Radiating  Apertures 

3 
The  original  paper   on  this  type  of  antenna  suggested  that  a  single 

longitudinal  slot  might  be  used  as  the  radiating  aperture.   Such  a  slot, 

however,  develops  sharp  resonances  (even  when  it  is  ten  wavelengths  long), 

and  its  radiation  pattern  consequently  possesses  large  back  lobes. 
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An  array  of  circular  holes,  approximately  the  same  size  as  the  coupling 
holes  was  also  studied.   The  large  back  lobes  due  to  the  slot  resonance  were 
eliminated  and  the  main  lobe  scanned  in  a  predictable  fashion,,   However,  the 
amplitude  of  the  main  lobe  tended  to  vary  by  an  even  greater  amount  than  that 
of  the  second  coupling  aperture  (Figures  26  to  28).   This  would  require 
greater  attenuation  of  the  fast  mode  s  beam  in  order  to  create  a  smooth  scan. 
On  the  other  hand,  since  efficiency  is  of  secondary  importance  in  this  case, 
and  the  difficulty  of  manufacturing  this  type  of  aperture  is  less  than  for 
the  slotted  type,  the  array  of  circular  holes  is  a  possible  alternative  to 
the  slotted  aperture  that  has  been  described  in  this  work. 

4.4   Other  Modes  of  Propagation 

7 
Hyneman  has  shown  that  a  surface  wave  can  be  excited  by  an  array  of 

closely-spaced  slots.   However,  the  geometry  of  the  aperture  used  in  the 
experimental  work  was  such  that  surface  waves  were  not  excited  to  an  import- 
ant extent.   Specifically,  the  uncoupled  waveguide  was  allowed  to  radiate 
through  the  slots  and  the  aperture  field  was  measured.   A  nearly  exponential 
decay  of  the  field  was  observed.   In  addition  the  phase  velocity  was 
decreased;  this  was  due  to  the  loading  effect  of  the  slots  themselves  and 
has  been  treated  theoretically  by  Elliott.    The  change  was  apparently  small 
enough  to  not  affect  appreciably  the  coupling  parameters. 

A  measurement  of  the  field  in  a  longitudinal  slot  cut  in  the  broad  wall 
of  the  uncoupled  waveguide  showed  a  definite  beat-like  variation,  indicating 
the  presence  of  at  least  two  modes  of  propagation.   The  large  hole  type  of 
aperture  was  essentially  free  of  this,  showing  the  exponential  decay  of  the 
fields  due  to  radiation. 
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4.5  Frequency  Sensitivity 

Figure  19  shows  that  the  frequency  sensitivity  of  the  coupling  is  quite 
extreme.   It  seens  quite  possible  that   if  necessary,  the  coupling  aperture 
could  be  redesigned  to  give  any  reasonable  bandwidth.   As  an  example  of  this 
some  sizes  of  rectangular  slots  used  by  Barkson  have  less  than  one  quarter 
of  the  frequency  sensitivity  of  the  apertures  of  Figure  19. 

4.6  Radiation  from  Both  Waveguides 

It  is  reasonable  to  think  that  if  both  waveguides  had  identical  radiating 
slots,  they  would  be  again  identical  and  perhaps  aperture  masking  would  not 
be  necessary   i.e.,  efficiency  could  be  greatly  increased.   Unfortunately 
the  fields  in  the  two  waveguides  are  complementary;  a  null  in  one  guide 
occurs  at  the  same  point  as  a  peak  in  the  other.   Thus,  if  two  radiating 
apertures  were  located  so  that  they  both  started  X  /8  from  the  start  of 
coupling  and  were  K/2    in  length,  the  radiation  patterns  would  be  different 
at  all  phase  shift  angles  except  two,  0   and  180  .   At  0  =  90   one  pattern 
would  have  large  side  lobes  while  the  other  would  be  the  exact  opposite 


a  symmetric  scan  is  not  possible.   Two  discrete  beams  corresponding  to 
9=0   and  0  =  180   are,  however. 

Staggering  the  aperture  locations  so  that  each  aperture  distribution 
is  properly  tapered  might  give  some  useful  results. 

Finally,  if  some  resistance  material  is  located  in  the  bottom  wave- 
guide, it  could  simulate  radiation  loss  and  make  the  two  waveguides  again 
identical  electrically.   An  efficiency  of  fifty  per  cent  could  be  approached, 
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5.   CONCLUSIONS 

A  flush-mounted  antenna  of  the  traveling  wave  type  has  been  shown  to 
give  a  fairly  smooth  scan  through  an  angle  of  about  twenty  degrees  from  the 
end  fire  direction.   Smaller  scans  of  any  size  or  location  (in  the  forward 
quadrant)  with  correspondingly  smaller  beamwidths  are  also  possible.   The 
only   limitation  is  that  the  beamwidth  must  be  approximately  equal  to  the 
scan  itself.   The  antenna  is  not  efficient  but  its  design  is  relatively 
simple,  in  that  its  operation  depends  on  only  one  phase  shifter.   The   radi- 
ating aperture  of  a  single  longitudinal  slot  is  unsatisfactory  because  of 
resonance  and  the  array  of  closely  spaced  transverse  slots  is  preferable  to 
a  number  of  large  circular  holes. 
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APPENDIX  A 
PHASE  VELOCITY  VARIATION  WITH  DISTANCE  ALONG  THE  WAVEGUIDE 

Although  the  normal  mode  phase  velocities  in  the  waveguide  are  constant, 
it  can  be  shown  that  the  phase  velocity  of  the  total  field  in  the  waveguide 
is  in  general  a  function  of  distance  along  the  waveguide  as  well  as  of  the 
relative  phase  angle  0. 

This  can  be  most  easily  shown  by  considering  the  phase  velocity  gradient 
Consider  the  expression  (Equation  10  of  Part  I)  for  the  line  voltage. 
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Now  if  the  phase  constant  is  not  a  function  of  z,  the  derivative  of  Arg  V 
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should  be  constant. 


(A. 3) 


The  coefficient  of  (3   is  of  the  same  form  as  the  expression  for  the 
input  resistance  of  a  transmission  line  z  units  long  and  with  a  termination 

Q 

whose  reflection  coefficient  is  -j  tan  0/2   „   If  a  Smith  chart  is  used  one 
sees  that  as  z  increases  the  "reflection  coefficient  vector"  spins  about 
the  origin  and  in  general  does  not  coincide  with  any  contour  of  constant 
resistance.   Thus  the  effective  phase  constant  is  a  function  of  z  as  well 

as  of  6. 

o 
At  0  =  0  }    however,  the  "reflection  coefficient"  is  zero  and  for  all 

z  the  input  resistance  (normalized)  is  unity;  the  effective  phase  constant 

is  _(_p   +  (3  )  or  (3  .   At  0  =  90°  or  270°  the  "reflection  coefficient"  has 

unit  magnitude  and  its  vector  coincides  with  the  zero  resistance  contour; 

the  phase  constant  now  is  (3   for  all  .  z  ■„   At  0  =  180  f    however,  the  analogy 

breaks  down  somewhat  in  that  the  reflection  coefficient  amplitude  is  infinite, 

an  impossibility  for  passive  loads.   However,  inspection  of  Equation  (A. 3) 

shows  that  for  this  relative  phase  setting  the  phase  constant  is  (3   for 

S 

all  z. 

It  is  interesting  to  note  that  far  from  being  a  well  behaved  function, 
the  effective  phase  constant  is  singular  at  some  values  of  0  and  z.  This 
occurs  when 

0   -J2V 
1+j  tan  -  e       =0 

(see  Equation  (A. 3). 


The  respective  values  of  0  and  (3  z  are  0  =  90   or  270  }    and 


377  77 

(3,  z  =  —  +    n77  or  -  +    n77     f  n   =   0,     1}    2?    3,     .  .  . 


b    4 


It  follows  that  at  these  points  the  phase  velocity  (— )  is  zero. 
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APPENDIX  B 
ANALYSIS  FOR  THE  CASE  OF  LOSS  IN  ONE  OF  THE  TRANSMISSION  LINES 

Let  there  be  a  shunt  conductance  per  unit  length  6  inserted  in  line  1. 
Then  the  various  circuit  parameters  are  as  follows: 


jZ    =  jZ   ,  jY   =  jY   +  6   jZ    =  jZ   ,  jY   =  jY   . 
11       22      11       22  12       21      12       21 

and 
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'l  22  22      12  21        11 


v=-(ZY    +ZY)=v^-jZ6 
'2  22  22      12  21      'l        11 


2    ..2 
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and  if  8  is  sufficiently  small  the  surd  simplifies  to 


Z  2  82     z   6 

'      8c2   +J_1^" 
12 


*   Z   ,  Z   ,  Y   ,  6  etc.  are  real  numbers. 
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Hence 


53 


2   ^    ,       2 
^F     "    %       +    J      2 
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z     6  z  262 

-JLL_)    X    (c  2    -  -LI— 


Z     6 


12  8c2  2 


Separating  into  real  and  imaginary  parts  gives 


Z  262 
F      2       12    8  c  2 


Z  6   z  6 

11   T   12 
2       2 


and  since  c    and  6  are  both  small,  one  can  write 
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Yw  =  jJlV2l    ~\ 


z  2  Z  262 

11_\    .   |_LL_  | 

V2  8v  c  2 

l2     12 


V       +    4, r    (Z       -Z        ) 

J  4|Y2I  11        12 


=   JlPa-Pb|     +  *F 


'{'v+i 

c 

1-1-2-1    • 

Z  262     "I 

-'^-2I 

8v  c  z 

'2     12   -1 

jK  +  p;} 

+  as 

(Z         +    Z       ) 


V    I  11  12 

"2 


Note  that  the  resulting  (3   is  less  than  for  the  lossless  case.   This 
means  that  X,  is  greater  and  is  evident  in  the  experimental  work;  (see 
Figure  22).   The  attenuation  of  the  slow  mode  is  larger  than  that  of  the 


fast  mode.   However,  it  can  be  shown  that  for  weak  coupling  Z  »  Z 

11     12 

and  so  the  two  attenuation  constants  are  practically  the  same. 
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